The suprachiasmatic nucleus (SCN) receives direct retinal input from the intrinsically photosensitive retinal ganglion cells (ipRGCs) for circadian photoentrainment. Interestingly, the SCN is the only brain region that receives equal inputs from the left and right eyes. Despite morphological assessments showing that axonal fibers originating from ipRGCs cover the entire SCN, physiological evidence suggests that only vasoactive intestinal polypeptide (VIP)/ gastrin-releasing peptide (GRP) cells located ventrally in the SCN receive retinal input. It is still unclear, therefore, which subpopulation of SCN neurons receives synaptic input from the retina and how the SCN receives equal inputs from both eyes. Here, using single ipRGC axonal tracing and a confocal microscopic analysis in mice, we show that ipRGCs have elaborate innervation patterns throughout the entire SCN. Unlike conventional retinal ganglion cells (RGCs) that innervate visual targets either ipsilaterally or contralaterally, a single ipRGC can bilaterally innervate the SCN. ipRGCs form synaptic contacts with major peptidergic cells of the SCN, including VIP, GRP, and arginine vasopressin (AVP) neurons, with each ipRGC innervating specific subdomains of the SCN. Furthermore, a single SCNprojecting ipRGC can send collateral inputs to many other brain regions. However, the size and complexity of the axonal arborizations in non-SCN regions are less elaborate than those in the SCN. Our results provide a better understanding of how retinal neurons connect to the central circadian pacemaker to synchronize endogenous circadian clocks with the solar day.
T he suprachiasmatic nucleus (SCN) houses a central pacemaker that orchestrates circadian (circa: "about" and diem: "day") behaviors that cycle with a period close to 24 h. This endogenous clock is self-sustained even in the complete absence of external stimuli, but can be entrained to the light/dark cycle of the solar day in a process defined as circadian photoentrainment (1) . In mammals, phototransduction solely occurs in the retina (2) . Retinal ganglion cells (RGCs) are projection neurons of the retina that send light information to brain targets (3) . Although the majority of RGCs project to brain areas involved in object tracking and image formation, some RGCs also innervate non-image-forming brain regions to influence circadian activity, sleep, the pupillary light response, mood, and learning functions (4) .
Recent studies showed that a small subpopulation of RGCs expresses a photopigment called melanopsin (Opn4), making these cells intrinsically photosensitive (ip)RGCs (5) (6) (7) . It is now known that there are at least five different ipRGC subtypes (M1-M5) (8, 9) . Using genetic tracing techniques, it was shown that ipRGCs send projections to non-image-forming centers in the brain, including the SCN, which receives retinal input predominantly from M1 ipRGCs (10) (11) (12) and to a lesser extent from M2 ipRGCs (12) . The SCN is a small nucleus located in the anterior hypothalamus and contains diverse subpopulations of neurons (13) . Studies in rodents indicate that the core region located in the ventral portion of the SCN is composed of neurons that express vasoactive intestinal polypeptide (VIP) or gastrin-releasing peptide (GRP) (14, 15) . This core region is surrounded by a shell region that contains neurons expressing arginine vasopressin (AVP) and calretinin (16) . To deconstruct the SCN circuitry, the rhythmic expression of clock genes and the photic induction of immediate early genes have been evaluated in different subpopulations of SCN neurons. Those studies gave rise to a functional description of the SCN, in which neurons in the shell region are classified as circadian oscillators, whereas neurons in the ventral region are light-responsive (17) . In rats, it was shown that specific cell types in the core region, such as VIP-and GRP-expressing cells, receive direct retinal input (18) (19) (20) , which led to the idea that the core region of the SCN is the only retinorecipient area. However, those results were inconsistent between different rodent species, as no retinal-VIP-positive (VIP+) cell contacts were observed in hamsters (21) . Furthermore, this simple demarcation of the SCN was challenged by studies showing that the entire mouse SCN receives dense innervation from ipRGCs (11) . Because of the dense retinal innervation pattern, it has been difficult to decipher the identity of SCN neurons innervated by ipRGCs (22) (23) (24) . Therefore, little is known about which cell types in the SCN receive retinal input. In addition, the SCN is the only region in the mouse brain that receives nearly equal inputs from the ipsilateral and contralateral eyes. This is quite surprising because all other retinorecipient brain regions are innervated ∼95% contralaterally (23) . The importance of and the mechanism of how the SCN receives equal input from both eyes are essentially unexplored.
Here, we used single ipRGC tracing and confocal microscopic methods to show that ipRGCs have elaborate patterns of SCN innervation and found that several kinds of peptidergic neurons,
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Most physiological processes exhibit circadian oscillations, which are synchronized by a central pacemaker located in the hypothalamic suprachiasmatic nucleus (SCN). For this pacemaker to be biologically relevant, it must be entrained with external environmental cues such as the daily light/dark cycle. At present, details of how photic information is relayed from the retina to the SCN remain unclear. Using an array of genetic mouse lines, we found that the major peptidergic SCN neurons receive direct retinal input and that a single intrinsically photosensitive retinal ganglion cell (ipRGC) bilaterally targets the SCN and sends axonal collaterals to several non-SCN regions. Together, our results suggest that the retina provides multifaceted synaptic inputs to the brain to mediate proper photic inputs to coordinately influence non-image-forming visual functions. located in topographically distinct areas of the SCN, receive direct retinal input. In addition, we uncovered the mechanism of how the SCN receives equal inputs from both eyes and showed that a single ipRGC sends axonal collateral projections to multiple brain regions. Together, our studies provide strong anatomical evidence for how ipRGCs project to the brain to influence light-mediated behaviors.
Results
A Single M1 ipRGC Projects to Multiple Brain Nuclei. To reveal the axonal terminal fields of a single ipRGC, we crossed an Opn4
CreERT2 mouse line with a Z/AP reporter line to generate Opn4
CreERT2/+ ;Z/AP mice (Fig. S1 ). In these mice, depending on the injected concentration of tamoxifen, we were able to label a single ipRGC or up to several hundred ipRGCs with alkaline phosphatase. Specifically, with a low dose of tamoxifen, we were able to label a single ipRGC (Fig. 1A) , revealing its dendritic structure in the retina and its axonal architecture in the brain. We further obtained a 3D reconstruction for each single ipRGC ( Fig. 1 C, F, and H) . In total, we evaluated 20 ipRGCs, all of which were of the M1 subtype as confirmed by their dendrites that stratified in the OFF sublamina of the inner plexiform layer of the retina ( Fig. 1 B and C) . Axonal labeling was evident in the optic chiasm (Fig. 1D) and was traced to the brain. All labeled ipRGCs innervated the SCN, and as expected, fibers targeted the ventral SCN through the optic chiasm (Fig. 1G) . A single ipRGC can also send collateral axonal projections to multiple brain nuclei, which include the intergeniculate leaflet (IGL) (Fig. 1E) , the ventral medial hypothalamus (VMH) (Fig. S2A) , the peri-habenular region (pHb) (Fig. S2B) , the ventral division of the lateral geniculate nucleus (vLGN) (Fig. S2C) , the pretectal nucleus (PN) (Fig. S2D) , and/or the superior colliculus (SC) (Fig. S2E) . Although an individual ipRGC has a distinct innervation pattern to various brain targets in addition to the SCN (up to five nuclei), almost all ipRGCs (19/20) sent collateral projections to the IGL. In contrast, only 1 of 20 labeled ipRGCs had axon collaterals terminating in the pHb or VMH (Fig. S2F and Table S1 ). Furthermore, we found that the axonal terminal fields from ipRGCs to non-SCN targets were simple yet variable. In the IGL, ipRGC fibers either spread throughout the thin sheet of the leaflet (Fig. S3) or made branches that innervated only a small region of the leaflet (Fig. 1E) . In the SC, the innervation pattern was even simpler than that of the IGL, and ipRGCs formed one or two thin straight lines that extended to deep layers of the SC (Fig. S2E) , as was previously shown (11) . In contrast, branching patterns of ipRGC fibers to the SCN were much more elaborate (Fig. 1 G and H) . Specifically, retinal fibers within the SCN were tortuous and covered a large volume of the nucleus with prominent terminal swellings (Fig. S4) Fig. 2 A and D) . Ipsilaterally projecting ipRGCs were located in the ventral-temporal part of the retina (Fig. 2C ), similar to conventional RGCs that project ipsilaterally (25) . This suggests that ipRGCs may also follow classical rules of ipsilateral targeting. Second, we found that 66.7% of contralaterally projecting ipRGCs (12 of 18) used atypical pathways by which axonal projections course through the midline to innervate the ipsilateral portion of the SCN (Fig. 2B ) or through branching axons at the optic chiasm (Fig. S5) . Therefore, the total axonal volume from ipRGCs to the ipsilateral and contralateral parts of the SCN is close to 4:6 ( Fig. 2D ). Together, these classical and atypical ipsilateral projection patterns to the SCN explain why the SCN is equally innervated, as published in previous reports (11, 16, 26) . To evaluate whether the atypically projecting ipRGCs constitute a unique retinal neuronal subtype with a distinct dendritic morphology, we analyzed and compared somato-dendritic morphological characteristics of ipRGCs based on their bilateral or unilateral features. We found no significant differences in any somato-dendritic morphological property between bilaterally and unilaterally projecting ipRGCs (Fig. S6) .
Individual ipRGCs Project to Specific SCN Regions. We then investigated topographical patterns of ipRGC projections to the SCN. ipRGC axonal fields innervated all regions of the SCN, including the ventral (Fig. 3A and Movie S1), medial ( Fig. 3B and Movie S2), and dorsal ( Fig. 3C and Movie S3) regions. We used an axonal Sholl analysis to define the architecture of axonal terminals of ipRGCs by arbitrarily assigning the zero point as the center of the ventral region of the SCN (Fig. 3D) . Therefore, ipRGCs that innervate the ventral SCN region will have a peak number of intersections from the axonal Sholl analysis closer to 0, whereas ipRGCs that innervate primarily the dorsal region of the SCN will be further away from 0. A small group of ipRGCs (4 of 20) showed an intersection peak lower than 23% of the normalized distance from the center, indicating that these cells preferentially targeted the ventral SCN. Another group of ipRGCs (7 of 20) had an intersection peak of 33-37% of the normalized distance, which we defined as the medial SCN. The last group of ipRGCs (9 of 20) showed intersection peaks of >41% of the normalized distance from the center, which we defined as the dorsal SCN (Fig. 3E) .
Remarkably, when we overlaid ipRGC axons together, each group of ipRGC axons seemed to cluster at a particular SCN region ( Fig.  3 F-I) with a minimum overlap between the dorsal ( Fig. 3 H and I ) and ventral innervating groups ( Fig. 3 F and I ). In addition, the sagittal view showed that axonal fields of ventral and medial innervating ipRGCs were less spread out compared with dorsal innervating ipRGCs ( Fig. 3 J-M) . We also observed a lack of ipRGC axons in the most rostral and caudal parts of the SCN (Fig. 3N ), similar to previous reports (22) . As in uni-and bilaterally projecting ipRGCs, the somato-dendritic properties from ipRGCs targeting different areas of the SCN were similar, including total branch points, the dendritic surface, total dendritic length, and soma sizes (Fig. S7) . Furthermore, the rostral-to-caudal thickness of the axonal field from individual ipRGCs seemed to show no obvious changes (Fig. 3O) . Intriguingly, the cell-body location in the retina of dorsal-SCN-innervating ipRGCs seemed to cluster at the dorsal-temporal region of the retina, whereas ventral and medial-SCN-innervating ipRGCs seemed to cluster at the ventral-nasal region of the retina ( Fig. 3P and Fig. S8 ). This indicates the possibility of a crude retinotopic map in the SCN. Therefore, our results provide evidence that the retinorecipient region of the SCN is more widespread than originally thought and does not simply conform to core and shell demarcations.
Retinal Projections to the SCN: Identification of Postsynaptic Cell
Types. The widespread projection pattern of ipRGCs in the SCN prompted us to ask whether VIP and GRP cells, comprising the core of the SCN, are the only retinorecipient neurons of the SCN. To reveal the retina to SCN synaptic contacts, eyes from wild-type mice were intravitreally injected with the cholera toxin β-subunit (CTβ), and coronal SCN sections were colabeled with VIP, GRP, or AVP antibodies (Fig. 4 A-D) . VIP-immunopositive (VIP+) cells were densely distributed in the ventral part of the SCN from the rostral to the caudal axis (Fig. 4 A and E and Fig. S9 ), as previously shown (15) . A confocal z-stack analysis using triple labeling for VIP, a presynaptic marker (synaptophysin), and retinal axonal CTβ fluorescence revealed potential synaptic contacts between retinal axons and VIP+ neurons (Fig. 4E) . Only a few retinal synaptic contacts were observed in the soma of VIP+ cells (Fig. 4F) .
Retinal contacts provided only a small portion of the synaptic input to VIP+ cells, as nonretinal synaptic contacts (VIP-synaptophysin colocalization) were much more abundant (Fig. 4M) . Interestingly, a high number of retinal synaptic contacts was observed on processes of VIP+ cells (Fig. 4G) . A similar analysis was performed using anti-GRP antibodies. GRP-immunopositive (GRP+) cells in the medial area of the SCN were sparse (Fig. 4 C and D) , and the majority of GRP+ cells received retinal synaptic contacts (Fig. 4 K  and L) . As in the case of VIP+ cells, nonretinal synaptic contacts of GRP were higher than retinal inputs (Fig. 4M) . Interestingly, VIP+ cells, which were classically considered to be the principal retinal target, received a significantly lower number of retinal contacts at the soma level compared with GRP+ cells (Fig. 4M) . Unfortunately, we were unable to trace the processes of GRP+ neurons to compare them to the retinal synaptic input to VIP+ neurons. Previously, it was assumed that AVP neurons do not receive synaptic input from the retina (22) . Using serial sectioning and SCN reconstruction, we found, as previously reported (22), AVP-immunopositive (AVP+) cells to be located in two distinct shell regions: an outer shell region that is nonretinorecipient and an internal shell region that receives retinal input (Fig. 4H and  Fig. S9 ). In the internal shell region, the majority of AVP+ cells receive direct synaptic input from retinal axons (Fig. 4 I and J) , as suggested by our single ipRGC projection to the dorsal region of the SCN (Figs. 2B and 3C) . As in the case of VIP+ cells, nonretinal synaptic contacts of AVP+ cells were higher than retinal inputs (Fig. 4M) . Importantly, as in the case of GRP+ cells, AVP+ cells received higher synaptic contacts on the soma than did VIP+ cells. Together, our data showed that all three SCN cell types received input from the retina and that VIP+ cells may receive the most input to their processes instead of their somas.
Genetic Labeling of ipRGC Synaptic Contacts in the SCN. CTβ injections provided unexpected retinal synaptic contacts with a population of AVP+ neurons. To confirm these results using a genetic method, we generated an Opn4
CreERT2/+ ;ROSA Synaptophysin-tdTomato mouse line that expresses a synaptophysin-tdTomato fusion protein exclusively in ipRGC axonal terminals (Fig. S1 ). The use of this line with the melanopsin conditional Cre line allowed us to label only presynaptic terminals originating from ipRGCs. For the success of these experiments, it is essential to label the majority of ipRGCs, and hence we injected a high dose of tamoxifen that led to the labeling of hundreds of ipRGCs in the retina. This synaptophysin-tdTomato protein was shown to localize to presynaptic terminals (27) and was confirmed here by colocalizing tdTomato with Vglut2 staining (Fig.  S10 A and B) . We observed a dense pattern of presynaptic retinal terminals across the entire SCN (Fig. S10F) , similar to our previous analysis using single ipRGC tracings and CTβ injections. The presynaptic localization of tdTomato expression was evaluated by taking SCN sections from Opn4
CreERT2/+ ;ROSA Synaptophysin-tdTomato mice and coimmunostaining them with the glutamatergic marker Vglut2 (Fig. S10 A and B) . We found that the great majority of tdTomato puncta (Fig. S10B , white circles) colocalized with Vglut2 puncta [Mander's coefficient (M1) = 0.785 ± 0.055; mean ± SEM; n = 4 mice]. ipRGC-SCN glutamatergic synapses were identified as presynaptic colocalization of tdTomato and Vglut2-positive puncta that were in close apposition with postsynaptic AMPA GluR4 staining ( Fig. S10 A and B , white boxes). GluR4 is expressed in the SCN; however, not all SCN neurons express GluR4 (28) . Therefore, some of the tdTomato and Vglut2 double-positive puncta did not show apposition with GluR4. Regardless, we observed a clear apposition of tdTomato and Vglut2 double-positive puncta with GluR4 staining, indicating that synaptophysin-tdTomato expressed in ipRGCs made synaptic contact with SCN neurons. To determine which SCN neurons receive input from ipRGCs using the synaptophysin-tdTomato method, we evaluated tdTomato focal expression with VIP, GRP, or AVP immunostaining. We found synaptic contacts with all three subtypes of SCN neurons (Fig. S10 C-E) . Quantification of the number of synaptic contacts per cell (VIP+ cells = 5.50 ± 1.93; GRP+ cells = 8.20 ± 2.95; AVP+ cells = 7.43 ± 1.69; mean ± SEM; n = 5 cells per group) revealed a similar innervation pattern compared with CTβ injections, confirming that ipRGCs innervate all different cell types in the SCN. In addition, we found that the medial SCN area received dense innervation that was significantly higher than those of the ventral and dorsal innervation (Fig. S10 F and G), as observed with single ipRGC tracings.
Synaptic Input from ipRGCs to the SCN Targets a Restricted Cell
Domain. Because ipRGCs bilaterally innervate the SCN, we evaluated whether single SCN neurons received input from both eyes and whether the input was localized to specific domains of SCN neurons. We injected CTβ tagged with different fluorophores (488 and 594 nm) into each eye, and SCN sections were immunostained with anti-synaptophysin, anti-VIP, or anti-AVP antibodies. We found that for both VIP+ and AVP+ cells, most SCN neurons received innervation from both eyes (Fig. 5A) . Using a 3D reconstruction of neurons, we measured the distribution of synaptic contacts per cell and the spatial relationship between them ( Fig. 5 B and C) . We found a significant association between synaptic contacts originating from both eyes, and in most cases, synaptic contacts from RGC axons from the ipsi-and contralateral eyes were in close proximity (Fig. 5D ). This was in contrast to the diffuse location of synapses originating from nonretinal input (Fig. 5D ). This suggests that retinal input to the SCN neurons has spatially restricted domains.
Monocular and Binocular Light Stimulations Induce Distinct c-Fos
Activation Patterns in the SCN. Based on the innervation pattern to the SCN from both eyes, we decided to evaluate the functional implications of such inputs. Induction of the immediate-early gene, c-Fos, after a light pulse applied during the active phase of rodents is a commonly used method to evaluate neuronal activation (29) . We presented a light pulse (1,000 lx at CT14) to control and monocular-deprived mice and measured induction of c-Fos in the SCN. Remarkably, in monocular-deprived mice, cFos was equally induced in both hemispheres of the SCN consistent with our morphological analyses that the SCN receives equal inputs from both eyes (Fig. 5 E-I) . However, in monocular-deprived mice, cFos levels were significantly reduced compared with those of control mice (Fig. 5 E-I ). In addition, c-Fos induction was observed throughout the SCN in control animals, whereas in monoculardeprived mice, its induction was localized mainly to the ventral part of the SCN (Fig. 5 E-H, J, and K). These functional data in conjunction with the spatially restricted input of SCN neurons provide evidence that the dorsal part of the SCN possibly requires synergistic inputs from both eyes to activate SCN neurons.
Discussion
Multiple Brain Nuclei Are Innervated by a Single M1 ipRGC. In this study, we were able to evaluate the axonal structure of a single ipRGC in the SCN and compare axonal fields to other retinorecipient areas that received collateral input from the same ipRGC. Using this conditional approach, we were able to trace M1 ipRGCs, which are exclusively labeled probably due to their high levels of expression of melanopsin (9) . Consistent with earlier reports (30, 31) , we found that ipRGCs that innervate the SCN send collateral projections to the IGL. However, the complexity of the terminal fields was much less pronounced in the IGL compared with the SCN. In addition, we observed that ipRGCs also had collateral axons that targeted other brain nuclei such as the vLGN, which is part of the lateral geniculate complex for visual function; the VMH, which is involved in appetite and body weight control; the habenular complex implicated in the limbic system; the olivary pretectal nucleus, which controls the pupillary light reflex; the SC, which is important for visual-motor coordination (11); and the pretectum/SC region, which was shown to be involved in sleep regulation (32) . Similar to IGL innervation, we also found that ipRGC axonal terminal fields in these regions were less elaborate, compared with the SCN. It is important to note that some conventional RGCs projecting to the LGN also send collaterals to the midbrain, including the pretectum and SC, with different axonal arbors in each region (33, 34) . Interestingly, we observed that up to five different brain targets received input from a single ipRGC. These results indicate that a single retinal cell can affect brain areas involved in many distinct light-mediated behaviors.
The Major Peptidergic Neurons of the SCN Receive Retinal Input.
VIP+ cells were classically described as the principal retinal target in the SCN (19, 20) . About 60% of VIP+ cells show c-Fos induction after a light pulse stimulation (21) . VIP+ cells are located in the ventral part of the SCN, in apposition with the optic chiasm, making these cells the best candidates for receiving light input. VIP+ cells send projections to the entire SCN, affecting the functions of other VIP+ cells and clock cells located in the shell of the SCN (15) . Here, we showed that in mice ipRGCs form direct synaptic connections with VIP cells, but also with somas of AVP and GRP neurons. These results are the first demonstration, to our knowledge, of a direct retinal input to AVP cells, suggesting that ipRGCs are poised to provide direct light inputs to several peptidergic neuronal populations in the SCN. Consistent with the innervation of several neuronal populations in the SCN, our single-cell labeling revealed that ∼20% of ipRGCs innervate the ventral part of the SCN, whereas ∼80% innervate the medio-dorsal region. This result was confirmed with the synaptophysin-tdTomato-inducible system in which we labeled the majority of ipRGC presynaptic terminals in the SCN, indicating that the medio-dorsal SCN region receives the strongest retinal input.
Previous studies indicated that light-induced c-Fos expression is located primarily in the ventral part of the SCN (35) . Because our morphological data indicated that neurons in the mediodorsal SCN, such as AVP and GRP, receive direct retinal input as strongly as VIP cells, we wondered why previous studies had shown stronger cFos induction in VIP cells. One possibility is that the threshold for induction in the dorsal region of the SCN requires stimulation from both eyes. Our results support this hypothesis, as we observed only c-Fos induction in the dorsal part of the SCN under binocular but not monocular stimulation. This, in conjunction with the spatially restricted pattern of innervation of SCN neurons from the retina, indicates possible convergent activation of AVP neurons by ipRGCs. This could be a built-in mechanism whereby VIP neurons can be activated at low light levels whereas AVP neurons require higher light intensities to stimulate the majority of ipRGCs in the retina due to their low photon catch (36) .
Atypical ipRGC Ipsilateral Projection Patterns to the SCN. The mouse retina is divided into four quadrants, based on nasal-temporal and dorso-ventral axes. It was shown that RGCs that project ipsilaterally are located in the ventro-temporal quadrant of the retina (25, 37) . The results presented here indicate that ipsilaterally projecting ipRGCs were also located in the ventro-temporal part of the retina, although our low number of cells (two in total) precluded us from drawing a stronger conclusion. In the mouse, it was shown that RGCs project to visual targets with a 9:1 contralateral:ipsilateral ratio (25, 38) . ipRGCs with ipsilateral projections (unilaterally) or with contralateral projections follow the same contralateral: ipsilateral ratio as conventional RGCs. Therefore, contralateral and ipsilateral ipRGCs could use Ist2 and Zic2 programs similar to regular RGCs for path finding at the midline in the optic chiasm during development (37) . However, uniquely to ipRGCs, a subset (66.7%) of contralateral ipRGC axons cross the midline and bilaterally innervate the SCN. Thus, this bilateral innervation equalizes the final innervation volume from one eye to both sides of the SCN, despite the 9:1 contralateral-to-ipsilateral cell number. However, this causes a conundrum of how the contralaterally projecting ipRGCs can recross the midline. Although detailed mechanistic understanding is currently lacking for retinal ganglion cells, it is well established that commissure axons that cross the midline do not recross back due to activation of robo1-slit-repulsive signals (39) . We propose that the targeting of the ipsilateral SCN by the contralateral ipRGCs occurs later in development when the robo1-slit or analogous repulsive signals have been down-regulated. Consistent with this idea, the SCN is fully innervated by retinal fibers only ∼10 d after birth (40) .
We also observed that the dorsal SCN-targeting ipRGCs were clustered in the dorsal-temporal region of the retina, whereas ventral and medial SCN-targeting ipRGCs were clustered at the ventral-nasal region of the retina. This pattern suggests a crude topographic map of ipRGC innervation in the SCN for non-imageforming functions, similar to regular RGCs for image-forming visual functions (41) . Because RGCs use the Ephrin/Eph gradient to establish topographic maps between the retina and LGN/SC, ipRGCs could also use the same Eph receptor to guide them to specific regions in the SCN. Under environmental conditions, the sun provides overhead illumination, and therefore the ventral retina should receive the highest light input. Thus, ipRGCs located in the ventral retina could be the primary ipRGCs that project to VIP and GRP neurons in the ventral SCN for circadian photoentrainment in the wild.
In this study, we provide the first evidence, to our knowledge, highlighting the elaborate axonal fields of ipRGC innervation specifically to the SCN and show how the SCN is unique in receiving equal innervation from both eyes compared with other retinorecipient regions. We also uncovered that AVP neurons do receive direct retinal input and that equal innervation from both eyes may be essential for activating AVP neurons in response to environmental light input.
Materials and Methods
All animals were handled in accordance with guidelines of the Animal Care and Use Committees of Johns Hopkins University and were approved by the Institutional Animal Care and Use Committees of National Taiwan University. Additional materials and methods are described in SI Materials and Methods.
